Antibodies directed against citrullinated vimentin are members of the family of autoantibodies reactive with citrullinated proteins and are among the most specific serological markers for the diagnosis of rheumatoid arthritis (RA). This study was performed to test the diagnostic value of a newly developed enzyme-linked immunosorbent assay (ELISA) for the detection of antibodies against a genetically modified citrullinated vimentin (anti-MCV) in comparison with a second-generation anti-cyclic citrullinated peptides (anti-CCP2) ELISA test system. Blinded sera from 631 patients (409 consecutive out-patients and 222 randomly selected stored sera) with RA (n = 164) and non-RA (osteoarthritis [n = 120], polymyalgia rheumatica/giant cell arteritis [n = 80], spondyloarthritis [n = 36], and other inflammatory rheumatic or non-inflammatory disease [n = 67]) were tested for the presence of anti-MCV and anti-CCP2 antibodies according to the manufacturers' instructions. The diagnostic performance of the anti-MCV was comparable with the anti-CCP2 assay for the diagnosis of RA according to the calculated area under the curve (0.824; 95% confidence interval (CI) 0.778-0.870 versus 0.818; 95% CI 0.767-0.869) as analysed by receiving operating characteristic curve. When categorised with a cutoff value of 20.0 U/ml (as recommended by the manufacturer), sensitivity and specificity of the anti-MCV ELISA were 69.5% (95% CI 61.9%-76.5%) and 90.8% (86.9%-93.8%), respectively, compared with 70.1% (62.5%-77.0%) and 98.7% (96.7%-99.6%) of the anti-CCP2 assay. Using the cutoff values of 19.0 U/ml and 81.5 U/ml for the anti-MCV test to obtain a sensitivity and specificity identical to the anti-CCP2 assay, showed a reduced specificity (89.8%; 85.8%-92.9%) and sensitivity (53.7%; 45.7%-61.5%), respectively, of the anti-MCV ELISA compared with the anti-CCP2 test. In conclusion, the serum ELISA testing for anti-MCV antibodies as well as the anti-CCP-2 assay perform comparably well in the diagnosis of RA. In the high-specificity range, however, the anti-CCP2 assay appears to be superior to the anti-MCV test.
Introduction
Rheumatoid arthritis (RA) is the most common inflammatory joint disease, with a prevalence between 0.5% and 1% worldwide [1] . In most patients, diagnosis of RA is based on the criteria proposed by the American College of Rheumatology (ACR) in 1987 consisting of clinical symptoms and radiological findings, whereas the only laboratory test included is the serum rheumatoid factor (RF) determination [2] . The ACR criteria, however, were primarily developed as classification criteria in established disease, and shortcomings in RA patients with recent-onset disease have now become evident [3] . Currently available data suggest that the diagnosis of RA can benefit from testing for antibodies to citrulline-containing peptides such as antiperinuclear factors (APFs), antifillagrin antibodies, antikeratin antibodies (AKAs), and anti-cyclic citrullinated peptides (anti-CCPs) [4] [5] [6] [7] . Due to practical inconvenience, APF ACR = American College of Rheumatology; AKA = antikeratin antibody; anti-CCP = anti-cyclic citrullinated peptide; anti-MCV = anti-modified citrullinated vimentin; APF = antiperinuclear factors; AUC = area under the curve; CI = confidence interval; ELISA = enzyme-linked immunosorbent assay; Ig = immunoglobulin; IgM-RF = immunoglobulin M-rheumatoid factor; OA = osteoarthritis; PMR/GCA = polymyalgia rheumatica and/or giant cell arteritis; RA = rheumatoid arthritis; RF = rheumatoid factor; ROC = receiving operating characteristic; SD = standard deviation; SpA = spondyloarthritis.
was never introduced into clinical routine, whereas detection of AKA by indirect immunofluorescence was among the main laboratory tests used before anti-CCP enzyme-linked immunosorbent assay (ELISA) kits became commercially available. The anti-CCP ELISA is based on highly purified synthetic peptides from dedicated libraries containing modified arginine residues (citrulline) serving as antigens, has a specificity comparable with AKA, and is more specific than APF and RF testing [8] [9] [10] .
Historically, anti-Sa antibodies were first identified in a French Canadian patient whose name began with Sa. The reactivity of these antibodies was found to be highly specific for RA [11] . Subsequent studies confirmed the high degree of RA specificity, which exceeds 95%, in several populations tested [12] [13] [14] [15] . The sensitivity of this antibody varied with the stage of the disease tested, ranging from 20%-25% in early RA cohorts to 47% in patients with more established disease [14, 15] . The Sa antigen, originally derived from placental tissue, has recently been identified as citrullinated forms of vimentin [11, 16] . Vimentin is an intermediate filament that is widely expressed in mesenchymal cells and macrophages and is easily detectable in synovium and fibroblast-like synoviocytes [17] [18] [19] . In vivo, vimentin is usually not in a citrullinated state, but deimination of this protein occurs in macrophages undergoing apoptosis. Anti-citrullinated vimentin antibodies may then emerge as a consequence of inadequate clearance of apoptotic material in patients with RA [20] .
In this study, we tested the value of a newly developed ELISA for the detection of antibodies against a genetically modified citrullinated vimentin (anti-MCV) in comparison with an anti-CCP2-based ELISA system for the diagnosis of RA. (Table 1) . Also, data on the serum levels of immunoglobulin (Ig) M-RF (IgM-RF), which were routinely determined by a nephelometric method (normal values 0-13 U/ml), were retrieved by chart review. The mean ages of patients with RA and patients with non-RA were 60.4 (± 12.0) and 58.5 (± 15.7) years (not significant), respectively. In the RA group, there were slightly more women (85.4%) than in the control group 
Materials and methods

Patients
Anti-CCP2 and anti-MCV testing
Anti-MCV and anti-CCP2 testing was performed in an investigator-blinded fashion. Anti-CCP2 antibody reactivity was tested using a commercially available automated ELISA (EliA™ CCP Assay;Phadia GmbH, Freiburg, Germany) on a ImmunoCAP100 automatic analyzer (Phadia AB, Uppsala, Sweden) according to the manufacturer's recommendations. Values of 10.0 U/ml or greater were considered to be positive. Anti-MCV antibodies were measured using a recently launched and now commercially available ELISA (kindly provided by ORGENTEC Diagnostica GmbH, Mainz, Germany) according to the manufacturer's instructions [25] . In brief, serum samples were diluted 1:100 and incubated on MCVcoated microtiter wells for 30 minutes at room temperature on a horizontal shaking platform (100/second 
Statistical analysis
Distributions of laboratory test results are described as the percentage per category for qualitative items and as mean (± SD) or median (and range) for quantitative items as stated. For anti-CCP2 and anti-MCV, the receiving operating characteristic (ROC) curve was constructed by plotting sensitivity against one minus specificity (1 -specificity), varying the cutoffs [9, 26] . Diagnostic values of anti-MCV, anti-CCP2, and IgM-RF are described as sensitivity and specificity with 95% confidence interval (CI). To compare quantitative data, the MannWhitney U and the Kruskal-Wallis tests (for multiple comparisons) were performed using the SPSS program, version 11.0 (SPSS Inc., Chicago, IL, USA).
Results
Patient characteristics
Sera from 631 patients were included in the study. All sera were subjected to anti-MCV and anti-CCP testing. Sera from 170 patients (26.9%) were anti-MCV-positive (using the recommended cutoff value of 20.0 U/ml), whereas those from 137 (21.7%) tested positive in the anti-CCP2 assay (recommended cutoff value of 10.0 U/ml). Anti-MCV and anti-CCP2 were significantly, but not perfectly, correlated with each other (correlation coefficient = 0.594; p < 0.001 using Spearman's rank correlation coefficient). In 467 patients, a definite clinical diagnosis (164 patients with RA and 303 with non-RA) was available, and thus these diagnoses were included in the final analysis (Additional File 1). Data on IgM-RF were available in 415 (88.9%) out of these 467 patients, and 178 (42.9%) were positive for IgM-RF.
Diagnostic value of anti-MCV and anti-CCP2 testing
Patients with RA had higher serum titers of anti-MCV antibodies (median 101.0 U/ml; range 2-1,094) than patients with OA (7.0 U/ml; 1-87), PMR/GCA (6.9 U/ml; 2-101), SpA (7.0 U/ml; 2-39), and other inflammatory rheumatic or non-inflammatory diseases (8.0 U/ml; 2-101; p < 0.001 for each comparison according to the Mann-Whitney U test). For comparing the sensitivity and specificity of the two tests, we used not only the recommended cutoff value of 20.0 U/ml for the anti-MCV ELISA, but also two additional cutoffs, namely 19.0 and 81.5 U/ml. The results are summarised in Table 2 . At the cutoff of 19.0 U/ml, both tests had an identical sensitivity, but the specificity of the anti-MCV was reduced. In contrast, when a cutoff of 81.5 U/ml was used in order to obtain an equal specificity for both assays, the anti-MCV ELISA demonstrated lower sensitivity than the anti-CCP2 test.
With respect to RA patients with recent onset of disease (<1 year; n = 23), the sensitivity of the anti-MCV (cutoff 20.0 U/ml) and anti-CCP2 assays were both lower (62.5%; 40.6%-81.2%) when compared with RA patients with established disease.
The diagnostic performances of the anti-MCV and the anti-CCP2 tests were similar in the consecutive cohort that included 49 patients with RA (29.9% out of all patients with RA) and 223 patients with non-RA (73.6% out of all patients with non-RA) compared with the total cohort, with a calculated AUC of 0.809 (0.725-0.893) for the anti-MCV ELISA and 0.843 (0.765-0.922) for the anti-CCP2 test. With the recommended cutoff values of 20.0 U/ml for the anti-MCV test and 10.0 U/ml for the CCP2 ELISA, both assays showed a sensitivity of 65.3% (50.4%-78.3%) to detect patients with RA; however, the specificity of the anti-MCV test (91.5%; 87.0%-94.8%) was lower than that of the anti-CCP2 ELISA (98.7%; 96.1%-99.7%). Taking the cutoff value of 81.5 U/ml at which the anti-MCV and the anti-CCP2 assays had identical specificities revealed the former assay to have lower sensitivity (49.0%; 34.4%-63.7%) in comparison with the latter.
Sensitivity and specificity of IgM-RF testing for the diagnosis of RA was 76.1% (68.6%-82.5%) and 77.7% (72.1%-82.7%), respectively, whereas in patients with early disease, IgM-RF revealed a sensitivity of 68.2% (45.1%-86.1%).
Discussion
There is growing evidence that therapeutic intervention early in the course of RA leads to more efficient disease control, less joint damage, and better prognosis of disease outcome.
Therefore, specific laboratory tests are desirable to help in the early differentiation of RA and other forms of rheumatic joint and connective tissue disease [14, [27] [28] [29] . To date, a number of reports have demonstrated the high diagnostic value of antibodies directed against citrullinated proteins in the diagnosis of RA. Although the specificity was more than 90% in most studies, the sensitivity of the same antibodies varied between 33% and 87.2%, possibly reflecting diverse genetic backgrounds and/or methodological differences in diverse antigen preparations and detection techniques applied [30] . The diagnostic value of the anti-CCP2 test in this report was within the range of these earlier publications [7] .
Anti-citrullinated vimentin antibodies have previously been detected in 23%-43% of patients with RA but in less than 8% of patients with non-RA and healthy controls by immunoblotting [11, 13, 15] . The objective of this study was to investigate the diagnostic accuracy of a novel and commercially available ELISA system for the detection of antibodies against a modified citrullinated vimentin (anti-MCV) in a large cohort of patients with confirmed diagnoses of RA and non-RA in direct comparison with the anti-CCP2 assay. As shown in Figure 1 , the ROC analysis revealed a comparable overall diagnostic performance of the anti-MCV and anti-CCP2 ELISAs (AUCs of 0.824 and 0.818, respectively). However, the curves of both tests cross each other, and in the high-specificity range, which is clinically of greatest interest, the anti-CCP2 assay is the more sensitive test, whereas in the low-specificity range, the anti-MCV ELISA has a higher sensitivity. Indeed, taking the cutoff value of 81.5 U/ml to obtain identical specificity values for both test systems, the sensitivity of the anti-MCV assay (53.7%; 45.7%-61.5%) was significantly reduced (as the 95% CI did not include the corresponding sensitivity of the anti-CCP2 test). Using the cutoff of 19.0 U/ml with identical sensitivities of both assays resulted in a lower specificity of the anti-MCV test (89.8%; 85.8%-92.9%) compared with results from previous reports of anti-citrullinated vimentin and the anti-CCP2 assay [31] . Because a consecutive cohort of patients best reflects the number of patients with RA and non-RA seen in clinical routine, we analysed the performance of the anti-MCV test in this group separately. However, the diagnostic performance of the anti-MCV and anti-CCP2 ELISAs in this consecutive group did not differ from that in the entire cohort.
In patients with early course of disease, the sensitivity of the anti-MCV ELISA was lower at the recommended cutoff of 20.0 U/ml compared with those with long-standing RA but was equivalent to that of the anti-CCP2 test, detecting 62.5% of patients with RA. Previous studies reported anti-CCP antibodies in 47%-63% of patients with recent-onset RA, whereas anti-citrullinated vimentin antibodies have been reported in only one fifth of RA patients with early disease by immunoblotting [13, 15] , thus indicating a superior performance of the anti-MCV ELISA in this early-disease group compared with the immunoblotting technique [8, 9, 26, 32] . Besides, the presence Table 2 Comparison of sensitivity and specificity of the anti-modified citrullinated vimentin and the anti-cyclic citrullinated peptide test (n = 467) of anti-CCP antibodies has been shown to precede clinical onset of RA, and one might speculate that anti-MCV antibodies are also present in pre-disease serum samples [33] . Therefore, we cannot exclude the possibility that some of our anti-MCV (high)-positive patients without RA might develop RA in the future. In that case, the true degree of specificity of anti-MCV testing in this cohort might be underestimated [1] .
The major limitations of our study are the small number of RA patients with early disease (n = 23) and the lack of follow-up data of the patients with non-RA. Prospective studies addressing the course of patients with undifferentiated early arthritis and long-term follow-up of the anti-MCV-positive patients with non-RA are necessary to evaluate the prognostic and diagnostic value of this test for patients with early RA. Because chart reviews partially lacked data of acute-phase reactants and clinical assessments, we did not investigate possible associations of the anti-MCV titer and other laboratory parameters and the clinical disease activity. Also, comparisons of the diagnostic value of anti-MCV with IgM-RF should be interpreted with caution due to the retrospective and incomplete retrieval of the IgM-RF. The sensitivity and specificity of IgM-RF in our present study are nevertheless consistent with published data [7] .
Conclusion
Autoantibodies to citrullinated proteins are specific for the diagnosis of RA. The anti-MCV ELISA is a novel, commercially available test system for the detection of antibodies directed against a modified citrullinated vimentin that demonstrates comparable overall diagnostic performance in relation to the anti-CCP2 assay according to the ROC analysis, with the calculated AUCs of 0.824 versus 0.818, respectively. In the highspecificity range of both tests, which is clinically the most relevant, the anti-CCP2 ELISA appears to be superior to the anti-MCV assay.
